The NF-κB signaling pathway is known to play an important role in the regulation of osteoclastic bone resorption and cancer cell growth. Previous studies have shown that genetic inactivation of IκB kinase (IKK), a key component of NF-κB signaling, inhibits osteoclastogenesis, but the effects of pharmacologic IKK inhibitors on osteolytic bone metastasis are unknown. Here, we studied the effects of the IKK inhibitors celastrol, BMS-345541, parthenolide, and wedelolactone on the proliferation and migration of W256 cells in vitro and osteolytic bone destruction in vivo. All compounds tested inhibited the growth and induced apoptosis of W256 cells as evidenced by caspase-3 activation and nuclear morphology. Celastrol, BMS-345541, and parthenolide abolished IL1β and tumor necrosis factor α-induced IκB phosphorylation and prevented nuclear translocation of NF-κB and DNA binding. Celastrol and parthenolide but not BMS-345541 prevented the activation of both IKKα and IKKβ, and celastrol inhibited IKKα/β activation by preventing the phosphorylation of TAK1, a key receptor-associated factor upstream of IKK. Celastrol and parthenolide markedly reduced the mRNA expression of matrix metalloproteinase 9 and urinary plasminogen activator, and inhibited W256 migration. Administration of celastrol or parthenolide at a dose of 1 mg/kg/day suppressed trabecular bone loss and reduced the number and size of osteolytic bone lesions following W256 injection in rats. Histomorphometric analysis showed that both compounds decreased osteoclast number and inhibited bone resorption. In conclusion, pharmacologic inhibitors of IKK are effective in preventing osteolytic bone metastasis in this model and might represent a promising class of agents to the prevention and treatment of metastatic bone disease associated with breast cancer.
Introduction
Bone metastases are a common cause of morbidity in cancer patients and occur in up to 50% of patients of breast cancer, lung cancer, and prostate cancer (1-3). The major clinical manifestations of metastases are bone pain, pathologic fractures, and spinal cord compression (1, 2) . Most bone metastases are osteolytic and are caused by release of factors by the invading tumor, which cause osteoclast activation and bone resorption (1, 4, 5) . Inhibitors of bone resorption such as bisphosphonates have been shown to significantly reduce skeletal complications in patients with breast cancer, myeloma, and other tumor types but they are incompletely effective, indicating the need to identify new strategies for the prevention and treatment of patients with bone metastases (2) . The NF-κB signaling pathway is known to play a role in both osteoclast activation and tumor cell growth (6) . Ligand-induced activation of a number of cytokines and growth factor receptors including receptor activator of NF-κB (RANK), tumor necrosis factor (TNF) receptors, the interleukin 1 receptor, and the transforming growth factor β (TGFβ) receptor result in recruitment of receptor associated factors including TGFβ-activated kinase 1 (TAK1) to the intracellular domain of the receptor (7) . This triggers the phosphorylation and binding of the two catalytic subunits of the IκB kinase (IKK) complex, IKKα, and IKKβ to the regulatory subunit IKKγ (7) . Once activated, the IKK complex phosphorylates IκB and leads to nuclear translocation of a number of transcription factors including NF-κB and activator protein 1 (8) . Over recent years, there has been increasing interest in the role of IKK in the regulation of tumorigenesis, metastases, and osteoclastic bone resorption (9) . For example, genetic inactivation of IKKα or IKKβ results in a complete ablation of osteoclastogenesis and prevents inflammation-induced bone loss (10, 11) , and in preliminary studies, we have found that pharmacologic inhibitors of IKK inhibit osteoclast formation in vitro and prevent ovariectomy induced bone loss in vivo (12) . Furthermore, IKK activation is also known to promote the proliferation of cancer cells, and small molecule inhibitors of IKK have been shown to prevent the development of distant metastases in a number of disease models (13) (14) (15) (16) (17) (18) (19) . In view of this, pharmacologic inhibitors of IKKα and IKKβ might be expected to be of particular value in the prevention of osteolytic disease, but the effects of IKK inhibitors on bone metastases have not been previously investigated. Here, we investigated the effects of these inhibitors in a well-established model of metastatic bone disease associated with breast cancer induced by intracardiac injection of W256 mammary carcinosarcoma cells (20, 21) .
Materials and Methods

Drugs and Reagents
Celastrol, parthenolide, BMS-345541, and wedelolactone were purchased from CalBiochem. All chemicals were obtained from Sigma (Dorset), unless otherwise indicated. All culture media were obtained from Invitrogen. Human IL-1β was obtained from Roche (London) and human macrophage colony stimulating factor, human TNFα, TGFβ, and bone morphogenic protein 2 were obtained from R&D Systems. 1,25 (OH)2-vitamin D3 was obtained from Alexis Biochemicals. Rat Swiss Walker 256 cells (W256) were a gift from Professor Daniel Chappard (Institut National de la Sante et de la Recherche Medicale, Angers, France).
Measurement of W256 Viability Rat W256 cells were maintained in DMEM supplemented with 10% FCS and penicillin at 37°C in 5% CO 2 . Before experimentation, the cells were seeded into 96-well plates at 5 × 10 3 cells per well or 48-well plates at 12 × 10 3 cells per well in culture medium and left to adhere overnight. Cell number was determined by adding 10% (v/v) of Alamar Blue reagent to each well. The cells were incubated for a further 3 h and fluorescence measured (excitation, 530 nm; emission 590 nm) using a Biotek Synergy HT plate reader.
Morphologic Assessment of Apoptosis Rat W256 cells were seeded in 48-well plates at 12 × 10 3 cells per well, or 12-well plates at 200 × 10 3 cells per well in culture medium. Following treatments, both adherent and nonadherent cells were collected and cytospun onto glass slides. Apoptosis was detected by the characteristic changes in nuclear morphology following 4,6-diamidino-2-phenylinole staining as previously described in Idris et al. (22) . Cells with clearly fragmented DNA were counted and expressed as a percentage of total cell number.
Assessment of W256 Migration W256 cells were seeded into 48-well plates (500 × 10 3 cells per well) and allowed to grow to confluence over a period of 48 h. W256 migration was assessed using the wound healing assay as previously described in Serrels et al. (23) . Briefly, confluent monolayers of W256 were scored with a fine pipette tip to produce a gap in the cell layer and then the cells were treated with either vehicle or test compounds for 16 h. Migration of W256 cells into the gap was monitored and visualized by phase-contrast light microscopy.
Western Blotting W256 cells were seeded in 12-well plates to confluence and treated with test compounds for the desired period of time. Following the incubation period, the drug/vehiclecontaining medium was removed and the monolayer was rinsed with ice-cold PBS. Adherent cells were then gently scraped in standard lysis buffer [0.1% (w/v) SDS, 0.5% (w/v) sodium deoxycholate, 1% Triton X-100, 1 mmol/L EDTA, and 2% (v/v) protease inhibitor cocktail (Sigma)]. For studies involving extraction of phosphorylated proteins, 10 mmol/L of sodium Fluoride and 2% (v/v) phosphatase inhibitor cocktail (Sigma) were added to the standard lysis buffer described above. For studies involving immunoprecipitation of proteins, 10 mmol/L of sodium fluoride and 2% (v/v) phosphatase inhibitor cocktail (Sigma) and sodium orthovanedate (1 mmol/L) were added to the standard lysis buffer described above. The lysate was incubated on ice for 10 min and spun at 12,000 g at 4°C for 10 min. The supernatant was collected and the protein concentration was determined using BCA assay (Pierce). Total protein (30-50 μg) was resolved by SDS-PAGE on 4% to 12% polyacrylamide SDS gels, transferred onto polyvinylidene difluoride membranes (BioRAD), and immunoblotted with antibodies according to manufacturer's instructions. Activated (cleaved, p-19) caspase-3 and phosphorylated TAK1 levels were detected using a goat polyclonal anti-caspase-3 antibody and anti-p-TAK1 (Santa Cruz Biotechnology). Detection of native and phosphorylated IκB, IKKα/β, and IKKβ was done using rabbit monoclonal antibodies (Cell Signaling Technology). The immunocomplexes were visualized by an enhanced chemiluminescence detection kit (Pierce) by using horseradish peroxidase-conjugated secondary antibody.
Detection of NF-κB Activation Immunostaining for p65 NF-κB was done essentially as previously described in Idris et al. (24) . Briefly, W256 cells were fixed in 4% formaldehyde and permeabilised in 0.1% Triton X100 for 10 min. Cells were stained with rabbit anti-NF-κB p65 (Santa) and Alexa Fluor 488-conjugated goat-anti-Rabbit secondary antibody (Invitrogen) and then visualized using a Zeiss fluorescence microscope.
Measurement of p65 NF-κB DNA Binding W256 cells were seeded in 12-well plates to confluence and treated with test compounds for the desired period of time. Following the incubation period, nuclear extracts were prepared using a nuclear extract kit (Active Motif) and nuclear translocation was measured using TRANSAM ELISA kits for p65 NF-κB (Active Motif) according to the manufacturers instructions.
Quantitative PCR Quantitative PCR was used to detect gene expression in osteoblast and W256 cells. Briefly, cells were lysed using TRIzol reagent, separated with chloroform and precipitated with isopropyl alcohol. The pellet was washed with 70% ethanol, and suspended in DEPC-treated water. RNA was quantified using a RiboGreen dye kit (Invitrogen) according to manufacturer's instructions. Complementary DNA was generated from quantified RNA using Invitrogen SuperScript III Reverse Transcriptase kit according to manufacturer's instructions. The product was cleaned using a PCR purification kit (Invitrogen) according to manufacturer's instructions, and then run and visualized on a 1.5% agarose gel (SYBR green dye) adjacent to a low-molecularweight ladder. Primers were designed using the Ensembl genome browser and Roche Web site. Primers used are as follows: matrix metallopeptidase 9 (MMP9)-forward (gatctgtaccgcaggcactc), reverse (aagttcctccacggcttctt); parathyroid hormone related protein (PTHrP)-forward (catactgtaaatgcattgggatca), reverse (tggattagccttggcaaaaa); urinary plasminogen activator (uPAR)-forward (caggacctctgcagaacca), reverse (gcacaggcctctggtcac); vascular endothelial growth factor-forward (aaaaacgaaagcgcaagaaa), reverse (tttctccgctctgaacaagg). Levels of gene expression were calculated as copy number per microgram of total RNA and expressed as percentage of control.
Animals and Osteolytic Bone Destruction In vivo
We investigated the effects of IKK inhibitors on osteolytic bone metastases using the rat W256 model of osteolytic bone metastases as described in Blouin et al. (20) . Briefly, 36 male Wistar rats received intracardiac injection of W256 tumor cells (10 7 cells) followed by i.p. injection of either celastrol (1 mg/kg/d) or parthenolide (1 mg/kg/d) in vehicle containing DMSO/Cremaphor/PBS (1:1:8). Dosages and treatment regimes used for parthenolide and celastrol were chosen based on previous in vivo studies that showed that these agents have both anti-inflammatory and antitumor effects (18, (25) (26) (27) (28) . Controls received vehicle. Animals were sacrificed 10 d after injection and both tibias and femurs were analyzed by radiography and microCT using a Skyscan 1172 scanner (29) . To study the effects on tumor growth within bone, whole tibial metastases area was measured on two-dimensional microCT images using image J software (release 1.34s-NIH-USA) and results were expressed as a Points, means obtained from three independent experiments; bars, SD. P < 0.01 (**) or P < 0.05 (*) from vehicle treated. D, Western blot analysis done in W256 treated with vehicle (0.1% DMSO) or indicated compound for 24 h. Total cellular protein was subjected to Western blot analysis (50 μg per lane) using active caspase 3 (C3a) or antiactin antibodies. The results shown are representative of three independent experiments. M, marker; p, phosphorylated; CSL, celastrol; PAR, parthenolide, BMS, BMS-345541; WDL, wedelolactone.
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Mol Cancer Ther 2009;8 (8) . August 2009 percentage of total metaphyseal area. Following scanning, the limbs were embedded and processed for bone histomorphometry as described (30, 31) .
Statistical Analysis
Comparison between groups was by ANOVA followed by Dunnet's posttest using SPSS for Windows version 11. A P value of 0.05 or below was considered statistically significant. The concentration that produced 50% of response (IC 50 ) was calculated using GraphPad Prism 4 for Windows.
Results
IKK Inhibitors Induce Apoptosis of W256 Cells In vitro
To examine the effects of IKK inhibition on W256 proliferation and survival, we used celastrol, BMS-345541, parthenolide, and wedelolactone, which are commercially available compounds that have been shown to inhibit IKK activity (32) (33) (34) (35) ). All four compounds tested inhibited W256 viability in a concentration-dependent manner over the concentration range 0.01 to 30 μmol/L (Fig. 1A) . The concentration at which the compounds inhibited W256 growth by 50% (IC 50 ) was 0.43 ± 0.1 μmol/L for celastrol, 4.7 ± 2.1 μmol/L for BMS-345541, 6.5 ± 1 μmol/L for parthenolide, and 26.9 ± 7 μmol/L for wedelolactone. Exposure of W256 cultures to celastrol (1 μmol/L), parthenolide (10 μmol/L), BMS-345541 (10 μmol/L), or wedelolactone (30 μmol/L) caused the activation of caspase-3 within 16 hours, indicative of apoptosis (Fig. 1D ). As shown in To gain an insight into the mechanism by which these compounds induce W256 apoptosis, we examined the activation of TAK1, IKKα/β, and IκB in the presence and absence of celastrol, BMS-345541, or parthenolide, which were the three most potent inhibitors of W256 cell growth. Treatment with IL1β (8 μg/mL) or TNFα (100 ng/mL) caused phosphorylation of TAK1 and IKKα/β and the recruitment of IKKβ to the regulatory unit IKKγ within 2 minutes, followed by IκB phosphorylation after 5 minutes (Fig. 2) . Pretreatment of W256 with celastrol, BMS-345541, or parthenolide (0.1-20 μmol/L) before stimulation with IL1β or TNFα inhibited phosphorylation of IκB in a dosedependant manner (IC 50 %, 0.1 ± 0.02 μmol/L for celastrol; IC 50 %, 12.1 ± 1.3 μmol/L for BMS-345541; and IC 50 %, 14.6 ± 2 μmol/L for parthenolide), with complete inhibition of IκB activity observed at concentrations of 1 μmol/L for celastrol and 20 μmol/L for parthenolide and BMS-345541 (Fig. 2D) . This rank order of potency in W256 cells (celastrol > parthenolide = BMS) correlates with the efficacy of the three compounds in inhibiting cell growth and induction of apoptosis (Fig. 1) . Celastrol inhibited the phosphorylation of TAK1 ( Fig. 2A) and abolished binding of IKKβ to IKKγ (Fig. 2B) , whereas BMS-345541 and parthenolide showed no effects on both parameters. As shown in Fig. 2C , celastrol and parthenolide but not BMS-345541 inhibited IL1β and TNFα induced activation of IKKα and IKKβ, indicating a strong inhibitory effect on both catalytic units of the IKK complex.
Celastrol and Parthenolide Inhibit NF-κB Activation in W256 Cells In vitro
Because all components of the IKK complex are thought to play a key role on tumorigenesis (13-15, 36) , we examined the effects of the IKKα and IKKβ Inhibitors celastrol and parthenolide on NF-κB activation in W256 cells. Preincubation of W256 with celastrol (1 μmol/L) or parthenolide (20 μmol/L) for 1 hour before stimulation with IL1β and TNFα caused a significant inhibition of NF-κB nuclear translocation (Fig. 3A) and DNA binding (Fig. 3B and C) . None of the compounds tested affected TGFβ or bone morphogenic protein 2-induced Smad activation in W256 cells at concentrations that inhibited NF-κB activation and migration ( Supplementary Fig. S1 ).
Celastrol and Parthenolide Inhibit Migration of W256 Cells In vitro
We next studied the effects of celastrol and parthenolide on migration of W256 cells. Celastrol completely abolished the migration of the W256 at a concentration of 0.5 μmol/L, within 16 hours of exposure, whereas the IKKα/β inhibitor parthenolide (5 μmol/L) was partially active (Fig. 4A) . None of the compounds tested inhibited W256 viability (Fig. 4B) or induced caspase-3 activation (Fig. 4C) at this time point, indicating that the observed effects on cell migration was not mediated by an inhibitory effect on cell growth.
IKKα/β Inhibition Down-Regulate uPAR and MMP9 mRNA Expression in W256 In vitro To investigate the mechanism by which IKK inhibitors suppress W256 migration, we studied the effects on mRNA (Fig. 4D) . Neither celastrol (0.5 μmol/L) nor parthenolide (5 μmol/L) inhibited mRNA expression of vascular endothelial growth factor in W256 cells (Fig. 4D) .
Celastrol and Parthenolide Inhibit the Development of Osteolytic Metastases In vivo
We next investigated the effects of celastrol and parthenolide on osteolytic bone metastases in vivo using the W256 breast cancer cell model. All nine rats that were treated with vehicle developed significant trabecular bone loss below the growth plate visualized by X-ray indicative of osteolytic bone lesions, whereas this was significantly inhibited by treatment with celastrol (metastases developed in 1 of 9 animals; P < 0.01) and by parthenolide (metastases developed in 2 of 11 animals; P < 0.01). Further analysis by microCT showed that both celastrol (1 mg/kg/day) and parthenolide (1 mg/kg/day) significantly reduced the size of osteolytic lesions by up to 75% (Fig. 5A) . Detailed microCT analysis of tumor size showed that both compounds at a daily dose of 1 mg/kg greatly reduced tumor size within osteolytic lesions in the metaphysis of the proximal tibia (Fig. 5A) . Both compounds tested were also effective in preventing trabecular bone loss (Fig. 5C ) and the increase in trabecular separation at the proximal tibia (Fig. 5D) . A detailed bone histomorphometric analysis showed that celastrol and parthenolide reduced osteoclast numbers ( Fig. 6A and B) , eroded surface (Fig. 6C ) and the number of mononucleated TRAcP-positive cells within the bone marrow cavity (Fig. 6D ).
Discussion
The NF-κB signaling pathway plays a key role in osteoclast activation and is also known to promote the proliferation of cancer cells and development of distant metastases. The IKK complex is critical for NF-κB activation by phosphorylating IκB, which is ubiquitinated and degraded by the proteasome, thereby releasing the p65 subunit of NF-κB, which translocates to the nucleus and activates gene transcription (7) . Over recent years, interest has focused on the role of IKK as a therapeutic target for the treatment of tumor cell growth and osteoclastic bone resorption. Genetic inactivation of IKKβ inhibits osteoclastogenesis (11) and other studies have shown that pharmacologic and genetic inactivation of IKKα and IKKβ inhibit proliferation of cancer cells in vitro and prevent development of distant metastases in vivo (16, 17, 37) . Taken together, these data suggest that IKK inhibitors might be particularly valuable in the treatment of cancers that metastasize to bone, but the effects of pharmacologic inhibitors of IKK on osteolytic bone loss are unknown.
Here, we studied the effects of four commercially available agents that have previously been reported to inhibit IKK activity (12, 26, 35, 38) on proliferation and migration D, mRNA expression of uPAR, PTHrP, MMP9, and vascular endothelial growth factor in W256 as measured by rt-PCR followed by quantitative PCR. Columns, means of three independent experiments; bars, SD. a, P < 0.05 from vehicle; b, P < 0.05 from CSL treated group.
of W256 cells in vitro and osteolytic bone metastasis in vivo. Celastrol, parthenolide, BMS-345541, and wedelolactone inhibited the proliferation and induced apoptosis of W256 cells in vitro. There was a striking difference in potency between the compounds tested. Although parthenolide and BMS-345541 were equally potent, celastrol was significantly more active and induced W256 apoptosis at concentrations in the nanamolar range. Wedelolactone, on the other hand, was only active at concentrations >20 μmol/L. This order of potency is in broad agreement with the previously reported efficacy of the four compounds at inhibiting IKK (12, 26, 35, 38) and suggests that they exert their antiproliferative and apoptotic effects by suppressing IKK activity. To investigate this hypothesis further, we conducted a number of experiments to examine activation of key components of the NF-κB pathway in W256 cells. Celastrol, parthenolide, BMS-345541, and wedelolactone all prevented phosphorylation of IκB, a key signaling protein down stream of IKK with an order of potency of celastrol > parthenolide = BMS-345541 > wedelolactone, similar to their effects on W256 proliferation and apoptosis, therefore suggesting an IKK-dependent effect. Further studies revealed that only celastrol and parthenolide inhibited activation of the two key catalytic component of the IKK complex, IKKα and IKKβ. Celastrol also prevented the binding of IKKβ to the regulatory unit IKKγ of the IKK complex, whereas parthenolide had no effect. This indicates that celastrol and parthenolide suppress the activation of the catalytic units of the IKK complex IKKα and IKKβ by distinct mechanisms. In support of this, we found that celastrol suppressed phosphorylation of TAK1, one of the key receptor recruitment factors upstream of the IKK complex. These findings are in agreement with recent reports that show that celastrol inhibits the recruitment of TAK1 to the intracellular domain of RANK and TNF receptors (12, 32) .
Celastrol and parthenolide both inhibited migration of W256 cells after 16 hours without affecting cell number or apoptosis, but celastrol was much more potent. With longer exposure, however, both agents reduced cell number and stimulated apoptosis. These observations support the results of previous studies that have shown that IKK plays a key role in the regulation of cancer cell migration and the development of metastases (6, 17, 37) . The greater potency of celastrol coupled with the fact that it inhibited expression of several genes that promote the development of metastases including PTHrP, MMP9, and uPAR suggests that signaling pathways downstream of TAK1 and/or independent of IKK activation may be responsible for the effects that we observed.
In addition to the in vitro effects observed, we also showed that celastrol and parthenolide at doses of 1 mg/kg/day inhibited the development of osteolytic lesions induced by intracardiac injections of W256 cells in vivo, thereby leading to higher bone volume and a more preserved architecture. Celastrol and parthenolide also reduced osteoclast numbers and inhibited bone resorption in vivo, consistent with the inhibitory effect on osteoclast formation and survival that was observed in vitro (12) . Previous studies have shown that the IKK inhibitors used here can inhibit tumor growth directly in other animal models (18, 25, 27, 28) . Although we observed a reduction in size of osteolytic lesions in this study, this might have been due to the inhibitory effects on osteoclast activity rather than an effect on tumor growth.
In this regard, previous studies with bisphosphonates have shown that both nitrogen and nonnitrogen-containing bisphosphonates are also effective at inhibiting osteolytic lesions in the Swiss Walker 256 model, whereas these agents have not been shown to have a systemic antitumor effect (39) (40) (41) (42) . In view of the fact that IKK inhibitors have a direct inhibitory effect on tumor growth in some tumor models, it would be of great interest in future studies to directly compare the effects of IKK inhibitors and bisphosphonates on the development of osteolytic lesions and systemic tumor growth in this model.
Although celastrol was more effective than parthenolide at suppressing W256 proliferation and migration and inducing apoptosis in vitro, both compounds had similar effects on the development of osteolytic metastases in vivo. This shows that pharmacologic inhibition of NF-κB at the level of either TAK1 or IKK is equally effective at preventing osteolysis and bone loss in vivo. In conclusion, the results reported here show that pharmacologic inhibitors of the IKK complex suppress the growth and migration of W256 cells in vitro and prevent the development of bone metastases induced by injection of these cells in vivo. Although the work presented here indicates that IKK inhibitors could represent promising new agents for the treatment of metastatic bone disease, our studies were restricted to the W256 model and further studies will be required to determine if these agents are effective in preventing the development and progression of metastases in other disease models. 
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